1.. Introduction
================

Single nucleotide polymorphism (SNP) is a single base mutation in a DNA sequence, with a usual alternative of two possible nucleotides at one position. In all sequence variations \[[@b1-sensors-11-08018]\] SNPs are most prevalent and stably inherited types, which are regarded as potent genetic markers and promising indicators for biomedical research, drug development, clinical diagnosis, and disease therapy \[[@b2-sensors-11-08018]--[@b5-sensors-11-08018]\].

Therefore, it has great value to develop SNP analysis methods with high sensitivity, specificity, and cost-effectivity to meet the demand of fast, practical analysis for genetic analysis of diseases and subtle genetic risk factors. So far several methods for genotyping SNPs have been reported based on a wide variety of specific probes and enzymes, including allele-specific oligonucleotide (ASO) hybridization \[[@b6-sensors-11-08018]\], oligonucleotide ligation assays (OLA) \[[@b7-sensors-11-08018]--[@b9-sensors-11-08018]\] and primer extension assays \[[@b10-sensors-11-08018]\], connected with the signal reading out on different physical platforms covering fluorescence \[[@b8-sensors-11-08018],[@b11-sensors-11-08018]\], mass spectroscopy \[[@b12-sensors-11-08018],[@b13-sensors-11-08018]\], electrochemistry \[[@b14-sensors-11-08018],[@b15-sensors-11-08018]\], surface plasmon resonance \[[@b16-sensors-11-08018]\] and so on.

Among all the available read-out mechanisms, the electrochemical DNA biosensor \[[@b17-sensors-11-08018]--[@b19-sensors-11-08018]\] is attracting considerable interest due to its high sensitivity, low cost, and use of a miniaturized and portable device \[[@b20-sensors-11-08018]\]. However electrochemical DNA biosensors are still often hampered by unspecific adsorption \[[@b21-sensors-11-08018]\] in complex matrix and real-world samples. Many efforts have been taken to improve the performance of the electrode surface as a key interface where the specific biological response and electron transferring happens \[[@b22-sensors-11-08018],[@b23-sensors-11-08018]\].

Oligo(ethylene glycol) (OEG) is popularly employed to prepare nonfouling surfaces for its effect of protein-resistance. Inspired by OEG, our lab developed a highly selective oligonucleotide-incorporated nonfouling electrode surface (ONS) and successfully applied it to electrochemical DNA sensors. The ONS was constructed by self-assembling of OEG-terminated thiols (SH-OEG) and thiolated DNA probes (SH-DNA) together on to the electrode. When used for hybridization detection, the electrochemical biosensor was demonstrated to have nonfouling property and repel nonspecific adsorption of proteins, leading to an electrochemical DNA sensor that can effectively identify DNA targets with higher sequence specificity even in the presence of complicated biological fluids (e.g., human sera) \[[@b24-sensors-11-08018]\].

More recently, we developed a ligase-based strategy \[[@b25-sensors-11-08018]\] for SNP detection with this ONS electrochemical DNA sensor on a 16-electrode array as a proof-of-concept experiment. Benefited from the excellent specificity of the ONS electrode \[[@b26-sensors-11-08018]\], the sensor was demonstrated to have higher differentiation ability toward SNPs on synthesis DNA than that with other electrode surface.

In this work, we aimed to optimize the biosensing principle and demonstrate the practicality of the ONS-based electrochemical DNA biosensor. We analyzed a SNP on β-glucuronidase gene (*uidA*) of *Escherichia coli* (*E. coli*) (T93G) which is well-known to be of great significance to distinguish the most harmful E. coli O157:H7 to prevent a possible life-threatening outbreak and to treat the patient pertinently.

2.. Experimental Section
========================

2.1.. Materials
---------------

DNA oligonucleotides were purchased from Sangon Inc. (Shanghai, China) with their sequences listed in [Table 1](#t1-sensors-11-08018){ref-type="table"}. For SNP detection, Two capture probes and a signal probe were designed as following: Capture probes-wild and capture-mutant (CP-W and CP-M) were 26-base sequences which were thiolated at their 5′ terminals with spacer consisted of 12 "T"s and a -(CH~2~)~6~-alkyl chain. They differed only at their 3′-terminal base. Signal probe (SP) had a biotin at its 3′ end as an affinity label and a phosphate group at its 5′ end for ligation.

Ethylene glycol-terminated thiol (HS-(CH~2~)~11~-EG~2~-OH, OEG) was purchased from Prochimia (Poland). Tris-(hydroxymethyl)aminomethane was from Cxbio Biotechnology Ltd. Ethylenediaminetetraacetic acid (EDTA), MCH, and tris(2-carboxyethyl) phosphine hydrochloride (TCEP) were purchased from Sigma-Aldrich (St. Louis, MO, USA). TMB substrate (TMB = 3, 3′, 5, 5′ tetramethylbenzidine; Neogen K-blue low activity substrate) was purchased from Neogen (U.S.). Avidin-HRP (horseradish peroxidase) was from Roche Diagnostics (Mannheim, Germany). The buffer solutions involved in this study were as follows: the DNA immobilization buffer was 10 mM Tris-HCl, 1 mM EDTA, 10 mM TCEP (pH 7.4), and 1 M NaCl. Enzyme was diluted to a 0.1 M PBS buffer with 0.5% casein (pH 7.2). All solutions were prepared with Milli-Q water (18 MΩ·cm resistivity) from a Millipore system.

2.2.. Electrochemical Measurements
----------------------------------

The 16-electrode sensor arrays were from GeneFluidics (Monterey Park, CA, USA), with 16 groups of electrodes consisting of a gold working electrode in the centre surrounded by a gold auxiliary electrode and a gold reference electrode. Cyclic voltammetric (CV) and amperometric (I-t) measurements of DNA arrays were performed at room temperature using a 16-channel PM3000 workstation (GeneFluidics). In I-t measurements, the voltage was fixed at −100 mV (*versus* the gold reference electrode), and the reduction current was measured at 60 s.

2.3.. Construction of the ONS at Gold Electrode Surfaces
--------------------------------------------------------

5 μM thiolated capture probes in DNA immobilization buffer (3 μL) was added to each working electrode for 1 h at room temperature. Then electrodes were incubated with 2 mM OEG for 2 h to obtain mixed SAMs. The electrode was then rinsed with Milli-Q water and dried with N~2~ after each step.

2.4.. PCR Amplification
-----------------------

The PCR amplification of genomic DNA fragments (*uidA* gene) was performed in a Bio-Rad PCR cycler (PTC-100). A pair of asymmetric primers (primer 1/primer 2 = 100:1) was employed in order to generate the ssDNA target. Of note, the use of asymmetric PCR ensured that the product was in the single-stranded format that could be directly sensed by the single stranded probe. The amplification was performed in 20 μL PCR buffer containing 2.0 units of Taq DNA Polymerase (Invitrogen). Thermocyler condition was 4 min at 94 °C 30 cycles of 55 s at 94 °C, 60 s at 60 °C, 60 s at 72 °C, and then a final extension at 72 °C for 5 min. PCR fragment size (250 bp) was confirmed by agarose gel electrophoresis.

2.5.. SNP Detection
-------------------

One hundred μL mixed solutions containing the proper concentration of synthesized DNA target (or 20 μL PCR product), 100 nM signal probe, 2 U ampligase (Epicentre), and 0.5% BSA were preannealed at 50 °C for 5 min and then added to each working electrode with mixed SAMs. As the employed ampligase is a relatively thermostable ligase, the ligation was performed at 55 °C. After 20 min incubation, a denaturation step was followed by treating with 100 mM NaOH at 70 °C for 10 min. After being washed, electrodes were treated with 1% BSA and then the avidin-HPR (0.5 U/mL in 0.1 M PBS buffer with 0.5% casein) was added. After 15-min incubation at room temperature, electrodes were washed with 0.1 M NaCl and 10 mM PBS buffer (pH 7.4) and subjected to electrochemical measurements.

3.. Results and Discussion
==========================

Our SNP detection strategy was based on the DNA-templated ligation and the outstanding property of the ONS electrode ([Scheme 1](#f6-sensors-11-08018){ref-type="fig"}). Gold electrodes were first covered with the capture probes which combined to the gold surface through strong Au-S covalent bonds, and then SH-OEG was added to form a SH-DNA (capture probes)/SH-OEG self-assembled monolayer (SAM). Two capture probes (capture wild/mutant, CP-W/M) were employed in this work, which differed only at the last base at 3′-terminal as listed in [Table 1](#t1-sensors-11-08018){ref-type="table"}. A "sandwich" like structure would be formed in the presence of a target DNA and a signal probe. Depending on the last base, each capture probe could only hybridize to one target DNA with perfect matching (CP-W to target W, CP-M to T-M), but had a missmatch point adjacent to the signal probe with the other DNA (CP-W to T-M, CP-M to T-W). When the specific hybridization was fully matched, a DNA templated ligation would be performed by the function of the ligase, as a result, the signal probe with a biotin label covalently bound to the capture probe. In contrast, the ligation would be stopped due to the mismatched adjacent point, and then a stringent wash step would denature the sandwich structure and remove the unbound signal probe. After the ligation and the following wash step, avidin-HRP is incubated with the surface, which would catalyze the reduction reaction of hydrogen peroxide and provide amperometric readout for the SNP detection. In order to realize simultaneous detection of two possible alleles, we employed a 16-electrode sensor array to perform multiplexed SNP genotyping.

With the purpose of verification and optimization of the anlaysis strategy, we synthesized two 26-base DNA targets (T-W and T-M), that had sequences corresponding to a fragment of the wild and mutant type *uidA* gene respectively, which means the T-W fully match with CP-W, but had a single mismatch point with CP-M; the T-M did just the opposite.

When the target DNA was added, it hybridized to the capture probe and combined a signal probe to form a "sandwich" structure. If fully complementary to the capture probe, the target DNA would template a ligation between two probes with the effect of a ligase, leading to a significantly enhanced HRP-catalyzed reduction current. When there was a mismatched site, the reduction current signal was decreased due to the absence of ligation and wash-off of the signal probe. The amperometric I-t curves provide quantitative measurements, which reveal that the differentiation ratio between the fully complementary target and the mutant was as high as 4-fold ([Figure 1](#f1-sensors-11-08018){ref-type="fig"}). We thus demonstrated that, by using appropriate probes and ligase, unambiguous electrochemical signals could be achieved for the fully matched DNA while not the mismatched sequence harboring the SNP.

For the analysis of a mixed target solution, the concentration of the total DNA target is critical for the performance of the biosensor. As shown in [Figure 2](#f2-sensors-11-08018){ref-type="fig"}, DNA samples containing 10% mutant DNA (T-M) and 90% wild DNA (T-W) was analyzed by two different electrodes, the current signals were all increased on both electrodes when the total concentration was increased from 5 nM to 20 nM, but the signal difference ratio R (Ratio of current signal from electrode with CP-W to that from electrode with CP-M) was decreased (from 1.5 to 2.1). It's easy to understand, the fully matched signal would obviously increase with the increase of the total concentration; on the other side, more mismatched target would also generate higher unspecific adsorption, more inaccurate ligation and more survival in denaturation step which would hamper the discrimination of the biosensor. So we choose 5 nM as an optimized total target concentration for the analysis of a mixed DNA sample.

We then employed a 16-electrode sensor array to perform multiplexed SNP detection of a series of samples with different concentration ratio of T-W and T-M. Firstly two capture probes (CP-W/M) were assembled onto the electrodes. When the mixed sample was added, only the perfectly matched targets would template the ligation and consequently cause a catalyzed current signal while mismatched ones could not. As shown in [Figure 3](#f3-sensors-11-08018){ref-type="fig"}, the average signals of I-t curves from different electrodes were changed highly depended on the concentration ratio of mismatched target: When the percentage of the T-M increased from 0% to 100%, the current signal from electrode with CP-W decreased while that from electrode with CP-M increased. When we calculated the signal difference ratio R ([Figure 3(B)](#f3-sensors-11-08018){ref-type="fig"}), it was more than 10 times higher at 100% mutation ratio than at 0%, and 10% mutant DNA (T-M) was clearly discriminated based on the signal ratio.

Finally, to challenge the practical applicability of our multiplexed electrochemical biosensor, we analyzed a PCR amplicons from mixed sample containing both the wild and mutant *uidA* gene of *E. coli*. By using an asymmetric PCR protocol \[[@b27-sensors-11-08018],[@b28-sensors-11-08018]\], we obtained ssDNA targets of 250 bp that could be directly sensed. As shown by the result of electrophoretic analysis ([Figure 4](#f4-sensors-11-08018){ref-type="fig"}), PCR amplification got anticipative products from all samples including wild type *uidA* gene, mutant type *uidA* gene, and their mixture.

Amplicons from different templates were analyzed by our biosensor of electrodes with capture-M, the result was shown in [Figure 5](#f5-sensors-11-08018){ref-type="fig"}. Interestingly, our sensor performed equally well despite the fact that this target is much longer than the model. The negative control (NC) and mismatched sample (100% wild *uidA* amplicon) got only negligible signal. But when the percentage of mutant *uidA* template increased, the amperometric signal accordingly got higher. We found that, by coupling asymmetric PCR, this sensor could get as high as about five-fold signal distinction between 100% mutant and 100% wild wild *uidA* PCR amplicons. By this multiplexed electrochemical biosensor 10% mutant *uidA* genomic DNA could be selectively identified.

4.. Conclusions
===============

In summary, we have optimized the performance of the ONS- and ligation-based electrochemical DNA sensor for its practicability, and utilized the method for the detection of a mutant site (T93G) in *uidA* gene of *E. coli* which is known to be an important marker for the bacteria hazard analysis. We demonstrate that the 16-electrode sensor array provides a multiplexed platform for simultaneous detection of allelic genes, and 10% mismatched DNA is successfully distinguished. Finally, a series of PCR amplicons from templates of increasing percentage of mutant DNA is analyzed. Results showed that the signal distinction was as good even when the target sequence is lengthened to 250 bp in a complex PCR product. Therefore, we proved the ONS electrochemical DNA biosensor to be a promising tool for the selective and inexpensive analysis of SNPs in practical application.
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![Amperometric curves for the detection of single base mismatched (dashed line) and complemental probe (solid line) in the presence of the complementary target of 5 nM. **(A)** Analysis performed on electrodes with CP-W, where the T-W was fully matched and generated an enhanced current signal; **(B)** Analysis on electrode with CP-M, where T-M produced a higher signal than T-W. Potential of amperometry: 0.1 V.](sensors-11-08018f1){#f1-sensors-11-08018}

![Optimization of the total target concentration. The DNA target sample consisted of 10% mutant DNA (T-M) and 90% wild DNA (T-W).](sensors-11-08018f2){#f2-sensors-11-08018}

![Results of a multiplexed SNP analysis on a 16-electrode array. The mixed sample consisted of T-M and T-W with a serious concentration ratio. **(A)** Comparison of current signals from two kinds of electrode when the concentration ratio was changed; **(B)** The signal difference ratio (R) got higher while the percentage of T-M was increased. The total concentration of target DNA was 5 nM.](sensors-11-08018f3){#f3-sensors-11-08018}

![Electrophoretic analysis of the PCR amplicons for the *uidA* gene of *E. coli*. The box indicates the 250-bp product (*uidA*). 1, Negative control (NC); M, DNA size marker; 2, wild type *uidA* gene; 3, mutant type *uidA* gene; 4 mixed sample with 10% wild type *uidA* gene; 5, mixed sample with 50% wild type *uidA* gene.](sensors-11-08018f4){#f4-sensors-11-08018}

![the result of the multiplexed electrochemical analysis of PCR amplicons from samples with different percentage of mutant *uidA* gene.](sensors-11-08018f5){#f5-sensors-11-08018}

![Schematic illustration of the ligation based electrochemical DNA biosensor for the SNP analysis on an ONS electrode. (1) Target DNA (or PCR amplicons) and ligase; (2) Washing step; (3) Avidin-HRP. Capture probes assembled on the ONS electrode had different end bases at 3′ terminals, only when the target DNA could perfectly hybridize to the capture probes and form a "sandwich" structure with the signal probes, the ligation between two probes could be performed and let the signal probes survive in the following washing step. The avidin-HRP was then combined by the biotin label and catalyzed the redox reaction of the TMB substrate.](sensors-11-08018f6){#f6-sensors-11-08018}

###### 

Sequences of oligonucleotides.

  ----------------------------- --------------------------------------------
  Capture probe-wild (CP-W)     5′-SH-TTTTTTTTTTTTCCCACCAACGCTG[A]{.ul}-3′
  Capture probe-mutant (CP-M)   5′-SH-TTTTTTTTTTTTCCCACCAACGCTG[C]{.ul}-3′
  Signal probe (SP)             5′-TCAATTCCACAGTTTTCGCGTTTTT-biotin-3′
  Target-wild (T-W)             5′-CTGTGGAATTGA[T]{.ul}CAGCGTTGGTGGG-3′
  Target-mutant (T-M)           5′-CTGTGGAATTGA[G]{.ul}CAGCGTTGGTGGG-3′
  ----------------------------- --------------------------------------------
